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Abstract
Purpose This field study was designed to compare to what
degree various proportions of studded and unstudded winter
tyres affect the roughness and polishing of road surfaces cov-
ered with ice and compact snow.
Methods Test cars equipped with studded and unstudded win-
ter tyres drove around a test track according to the designed
procedure. The main straight section of the track had five
lanes, each with a different proportion of cars with studded
tyres: 100%, 75%, 50%, 25% and 0% of the respective lane
traffic. The remainder were cars with unstudded winter tyres.
Each lane included sections of ice and compact snow with
subsections for constant speed, braking and acceleration.
The lanes were driven 642 times. The ambient temperature
was approximately 0 °C during the test.
Results The overall results showed that there was no substan-
tial difference in friction of the road surface between lanes
having 100%, 75% or 50% of cars with studded tyres.
However, the friction was much poorer in lanes having fewer
cars with studded tyres.
Conclusions These results suggest that traffic with 50% of
cars having studded tyres results in adequate friction of icy
road surfaces in the test conditions.
Keywords Snowtyres .Winter tyres .Studdedtyres . Icyroad
surfaces . Road safety
1 Introduction
Nordic winter tyres designed for snowy and icy driving condi-
tions are widely used in many countries with wintry road con-
ditions involving icy and snowy road surfaces (e.g. Finland,
Canada, Norway, Russia and Sweden). Those tyres are either
studded or unstudded. Unstudded Nordic winter tyres are
allowed in many other countries as well, but total bans on
studded tyres have been imposed in e.g. Germany, Japan and
many states in the U.S. because of their negative environmental
effects. There are also unstudded winter tyres designed specif-
ically for central Europe; however, they are intended primarily
for high speed and wet surfaces and not for icy and snowy road
surfaces, and are therefore outside the scope of this study.
The main benefit of studded tyres over unstudded ones is
their stronger ice grip at temperatures close to 0 °C [13],
which helps drivers control their vehicles on slippery road
surfaces. Most researchers appear to agree that studded tyres
provide some safety benefit, although the size of this effect
is frequently assessed as limited [4, 6–8, 10–12]. Recent
studies have also examined whether increased use of elec-
tronic stability control can replace studded tyres [5, 12].
Elvik [5] concluded that when full penetration of electronic
stability has been achieved in major cities in Norway, the
number of accidents will not increase if the use of studded
tyres stays at around 15%.
Aside from the overall safety effects of these tyre types, a
more specific and long discussed issue has been whether
studded tyres prevent wintry roads from becoming over-
polished, and whether a certain proportion of them would be
needed for the sake of safety. This cannot of course be answered
with a single figure, since the degree of slipperiness varies with
the weather conditions and is mitigated by several approaches
with concurrent effects, such as winter maintenance and tyre
properties. Nevertheless, the question is currently relevant, as
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the use of studded tyres is discouraged by many cities in the
Nordic countries due to their adverse health effects [9].
The question of roughness and polishing of wintry road
surfaces has been addressed in numerous studies. Some of
the earlier ones are no longer relevant due to recent develop-
ments in the tyre field [e.g. 1, 2], but two relatively recent
studies are worth discussing.
Vaa and Giaever [15] compared various proportions of
studded and unstudded tyres on icy road surfaces while the
ambient temperature varied from −2 °C to −10 °C. After 1000
runs per lane clear differences emerged, and after 1500 runs
the friction in the lane involving 80% of vehicles with studded
tyres was 13% lower compared to the lane with 100% of
vehicles with studded tyres. The corresponding reduction for
other lanes were as follows (proportions of vehicles with
studded tyres in parentheses): 33% (60%), 41% (40%) and
43% (20%). In addition, it seems that the effects of studded
tyres were rather limited at low temperatures (−5 °C or
colder), whereas when the temperature was higher (from
−2 °C to −3 °C) the grip was much better for the proportion
of 80–100% vehicles with studded tyres compared to lower
proportions. However, Tuononen and Sainio [14] argued that
the main results of Vaa and Giaever are not plausible, as the
results by ambient temperature were inconsistent.
Tuononen and Sainio [14] themselves examined the effects
of the proportion of studded tyres on the friction of an icy test
track. Each lane was driven 144 times by the test vehicles.
Based on their results, Tuononen and Sainio suggest that the
proportion of vehicles with studded tyres can be as low as 25–
50% with no risk of substantial polishing of the icy road sur-
face. The study has several points to its credit, but it could be
asked whether the lanes were used sufficiently compared to
the traffic flows onmany urban streets or rural roads. Also, the
results show that on the acceleration section the friction
dropped dramatically if the proportion of vehicles with
studded tyres was 0–80%. Tuononen and Sainio argued that
acceleration areas are not as critical for safety as braking sec-
tions. However, no particular road section can be assessed as
unimportant in terms of road safety, because by contrast with a
test track, drivers in real traffic may need to apply emergency
braking on any section of road.
This field study was designed to compare to what degree
various proportions of studded and unstudded winter tyres
affect the roughness and polishing of road surfaces covered
with ice and compact snow under controlled conditions. More
specifically, we aimed to replicate the main features of the test
conducted by Tuononen and Sainio [14] with two major ex-
ceptions: (1) two types of typical wintry surfaces were includ-
ed, i.e. surfaces covered with ice and compact snow, whereas
Tuononen and Sainio focused on icy surfaces only, and (2) the
use of test lanes was far more substantial than in the test of
Tuononen and Sainio, i.e. we aimed to get closer to the wear of
lanes in road traffic and thereby achieve more valid results.
2 Method
2.1 Design
The test was conducted on an oval track 1.8 km in length
including two straight sections. The main straight section
(A) of the track had five test lanes, each with a different pro-
portion of cars with studded tyres: 100%, 75%, 50%, 25% and
0% of the respective lane traffic. The remainder were cars with
unstudded winter tyres. Each test lane included sections of ice
and compact snow with subsections for constant speed, brak-
ing and acceleration.
Another straight section (B) had two lanes for driving at
constant speed, one for cars with studded tyres and one for
cars with unstudded tyres. The lane surfaces in this section
were covered with compact snow. The main purpose of in-
cluding this section in the test was to ensure interpretable
results if the more complex design of section A were to fail.
Both sections A and B included an additional reference lane
with no test (surface-wearing) vehicles.
2.2 Equipment
There were 10 vehicles with studded tyres and 10 vehicles
with unstudded tyres for wearing of the road surfaces. All
tyres were made by Nokian Tyres and designed for Nordic
winter conditions (Hakkapeliitta 8 and R2). The tyres were
less than one year old and driven 10,000–20,000 km, but each
tyre was in good condition.
The characteristics (e.g. weight, track, tyre condition) of
two vehicle groups were matched, although both groups in-
cluded several makes and models (Table 1). All cars were
equipped with a traction control system (ASR) and an anti-
lock braking system (ABS).
Table 1 Make and model of test vehicles and mean stud protrusion in
the middle of the test
Vehicles with
unstudded tyres
Vehicles with studded tyres
Mean stud protrusion, mm
Front Rear
Toyota Prius Skoda Superb 1.5 1.1
Ford Mondeo Seat Altea 1.1 1.2
Skoda Octavia Mercedes Benz C 1.1 1.7
Ford Mondeo Volvo V60 1.5 0.9
Skoda Superb Mercedes Benz E 1.3 1.6
Audi RS5 Audi RS5 1.3 1.3
Audi RS5 Audi Q5 1.5 1.4
Audi SQ5 VW Tiguan 1.7 1.6
Mercedes Benz C Mercedes Benz C 1.4 1.4
Toyota Land Cruiser Toyota Hilux 0.5 0.6
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In addition, two similar passenger cars (Volkswagen Golf)
were used for friction measurements, one with studded tyres
and another with (Nordic) unstudded tyres. Two cars equipped
with a different tyre type were selected instead of one for three
reasons: (1) to ensure improved reliability of results, (2) the
friction with unstudded tyres was of primary interest but the
national requirements are based on measurements carried out
with studded tyres, and (3) to get more balanced wear of the
road surfaces by tyre type.
The mean stud protrusion of tyres on the measurement
vehicles before the test was 1.1 mm for the front tyres and
1.1mm for the rear tyres and after the test 1.5mm and 1.4 mm,
respectively. The vehicles were equipped with Vbox instru-
ments for measuring acceleration, speed and distance using
GPS technology.
The depth of ruts on the ice- and snow-covered surfaces
was measured with a profile gauge 500 mm in length (Fig. 1).
The compaction of road surfaces was measured by CTI
penetrometer throughout the test [3]. The scale of the CTI
penetrometer is 50–100 and snow test conditions of 70–80
are recommended for tyre comparisons. The compaction
ranged from 86 to 94 for icy surfaces and 80–88 for snowy
surfaces.
2.3 Procedure and data analyses
The icy surface of section A was created by spraying water
and allowing it to freeze before the test day. The hard snow
surface was prepared by compaction with a roller towed by a
lorry, followed by levelling with a steel-mesh drag mat. The
slipperiness of section B covered with hard snow was in-
creased by a lorry performing hard braking manoeuvres.
The test vehicles drove around the test track including sec-
tions A and B. The use of each lane in section Awas balanced
among the test vehicles with studded or unstudded tyres, i.e.
each vehicle used the lanes as much as the others in the same
tyre group. After every 10 runs the proportional use of lanes
was as designed. For example, after 10 runs the vehicles with
studded tyres had used the test lanes 4, 3, 2, 1 and 0 times and
the vehicles with unstudded tyres had used the respective
lanes 0, 1, 2, 3 and 4 times. In section B, there was only one
lane for vehicles with studded tyres and one for vehicles with
unstudded tyres.
Fig. 1 Measurement of rut depth with a profile gauge
Fig. 2 Weather parameters during the test
Fig. 3 Icy section for constant speed at the end of the test, 50% of
vehicles with studded tyres
Fig. 4 Compact snow section for brakingmidway through the test, 100%
of vehicles with studded tyres
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The drivers were instructed to drive at 60 km/h except in
the sections intended for full braking or full acceleration. The
measurement of friction was balanced by lane and subsection.
In total, each test vehicle drove 150 runs on the track,
resulting in 600 runs per test lane in section A and 1500 runs
per test lane in section B. The vehicles for frictionmeasurements
produced an additional 42 and 105 runs, respectively.
Consequently, the total number of runs per test lane was 642
and 1605, respectively. The measurement of friction inevitably
caused additional braking in each section. However, the propor-
tion of these runs was only 7% in section A and 3% in section B.
Vbox provides braking distance and time based on the
entered initial and closing speed. In the present study we used
25 km/h for the initial speed and 5 km/h for the closing speed.
A relatively low initial speed was chosen because of the three
brakings in each section. Based on the braking distances, the
friction coefficient was calculated using formula 1:
μ ¼ v02−vi2
 
= 2 g Lð Þ ð1Þ
whereμ= friction coefficient; v0 = initial speed (m/s); vi = clos-
ing speed (m/s); g = 9.81 (m/s2); L = braking distance (m).
The depth of the left and right rut of each lane and subsec-
tion was measured three times: at the beginning, midway
through, and at the end of the test. The measured shape of
the rut was copied for calculating its cross-sectional surface
with a drawing program. Finally, the mean depth of the rut
was determined. However, the range of the profile gauge was
not always sufficient, and the gauge’s accuracy (± 5 mm) was
not good enough to produce results with the desired reliability.
Fig. 5 Compact snow section for constant speed at the end of the test,
50% of vehicles with studded tyres
Fig. 6 Mean friction coefficient in section A measured by the vehicle
with studded tyres, by proportion of vehicles with studded tyres and
number of runs. The mean is calculated for the sections covered with
ice and compact snow, including subsections for constant speed,
braking and acceleration
Fig. 7 Mean friction coefficient in section A measured by the vehicle
with unstudded tyres, by proportion of vehicles with unstudded tyres and
number of runs. The mean is calculated for the sections covered with ice
and compact snow, including subsections for constant speed, braking and
acceleration
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Table 2 Friction coefficient in section A by type of measurement
vehicle, proportion of vehicles with unstudded tyres, road surface and
subsection. The cells highlighted in red and orange show friction
reductions of more than 20% and 10% compared to the lane with 100%











Proportion of studded tyres





25 0.32 0.38 0.32 0.36 0.33 0.30 0.36 0.30 0.33 0.29
125 0.35 0.39 0.36 0.32 0.31 0.28 0.29 0.30 0.26 0.23
225 0.36 0.38 0.35 0.28 0.29 0.29 0.31 0.29 0.24 0.24
325 0.36 0.35 0.35 0.29 0.27 0.28 0.31 0.30 0.27 0.23
425 0.38 0.37 0.33 0.31 0.30 0.29 0.30 0.26 0.28 0.22
525 0.36 0.35 0.38 0.30 0.29 0.30 0.28 0.32 0.25 0.23
625 0.33 0.34 0.33 0.28 0.26 0.30 0.30 0.31 0.24 0.21
Braking
25 0.32 0.28 0.31 0.31 0.30 0.27 0.26 0.30 0.25 0.26
125 0.26 0.26 0.26 0.24 0.29 0.20 0.22 0.20 0.17 0.17
225 0.26 0.26 0.25 0.24 0.24 0.21 0.19 0.19 0.17 0.15
325 0.28 0.25 0.25 0.24 0.23 0.22 0.20 0.20 0.17 0.15
425 0.28 0.27 0.25 0.25 0.23 0.23 0.21 0.20 0.18 0.17
525 0.28 0.26 0.26 0.25 0.21 0.22 0.20 0.21 0.18 0.16
625 0.26 0.25 0.25 0.25 0.21 0.21 0.20 0.20 0.19 0.15
Acceleration
25 0.32 0.34 0.30 0.32 0.31 0.27 0.32 0.29 0.27 0.29
125 0.30 0.27 0.29 0.30 0.28 0.26 0.25 0.23 0.23 0.22
225 0.30 0.27 0.27 0.26 0.26 0.24 0.21 0.21 0.22 0.19
325 0.30 0.28 0.27 0.26 0.24 0.25 0.24 0.22 0.21 0.17
425 0.30 0.29 0.27 0.26 0.24 0.25 0.22 0.23 0.21 0.18
525 0.29 0.3 0.27 0.25 0.21 0.24 0.23 0.22 0.19 0.16





25 0.39 0.41 0.42 0.42 0.42 0.38 0.36 0.38 0.43 0.37
125 0.45 0.44 0.47 0.40 0.38 0.46 0.41 0.44 0.38 0.30
225 0.45 0.45 0.41 0.39 0.38 0.44 0.46 0.40 0.38 0.35
325 0.43 0.43 0.45 0.40 0.38 0.45 0.45 0.43 0.38 0.33
425 0.41 0.45 0.43 0.38 0.35 0.39 0.45 0.42 0.37 0.31
525 0.37 0.41 0.38 0.32 0.27 0.36 0.39 0.35 0.29 0.23
625 0.35 0.39 0.36 0.28 0.24 0.31 0.35 0.33 0.29 0.22
Braking
25 0.40 0.37 0.37 0.40 0.37 0.38 0.37 0.39 0.37 0.36
125 0.36 0.39 0.36 0.36 0.32 0.31 0.37 0.33 0.31 0.27
225 0.31 0.34 0.32 0.33 0.27 0.29 0.32 0.34 0.27 0.28
325 0.28 0.29 0.29 0.27 0.25 0.26 0.27 0.27 0.25 0.22
425 0.27 0.28 0.25 0.24 0.24 0.24 0.25 0.22 0.21 0.21
525 0.29 0.26 0.23 0.22 0.22 0.25 0.24 0.20 0.20 0.17
625 0.28 0.25 0.24 0.21 0.20 0.24 0.22 0.20 0.19 0.16
Acceleration
25 0.40 0.39 0.37 0.39 0.39 0.41 0.35 0.35 0.38 0.41
125 0.40 0.37 0.34 0.37 0.30 0.38 0.38 0.34 0.30 0.29
225 0.34 0.32 0.29 0.34 0.30 0.32 0.32 0.28 0.29 0.24
325 0.31 0.31 0.30 0.30 0.29 0.29 0.28 0.28 0.27 0.24
425 0.28 0.3 0.27 0.29 0.26 0.29 0.27 0.25 0.29 0.21
525 0.28 0.27 0.27 0.27 0.23 0.25 0.25 0.23 0.24 0.19
625 0.26 0.26 0.26 0.25 0.24 0.24 0.26 0.22 0.23 0.23
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The temperature during the test was approximately 0 °Cwith
a range of ±0.3 °C (Fig. 2). There was no strong wind or active
precipitation, except for some very light snowfall at noon.
3 Results
3.1 Surface wear
Figures 3, 4 and 5 show examples of the wear of the road
surfaces. The icy surfaces did not wear markedly during the
test (Fig. 3), but those covered with compact snowwore down
faster than expected and somewhat inconsistently as well.
Figure 4 shows the braking section driven by 100% of vehi-
cles with studded tyres midway through the test. At the end of
the test the compact snow had worn away entirely in several
places (Fig. 5).
3.2 Friction coefficient by proportion of vehicles
with studded tyres
Figures 6 and 7 show the overall friction coefficient measured
in section A for vehicles with studded and unstudded tyres,
respectively. The results show that the effect on friction of re-
ducing the number of vehicles with studded tyres was relatively
small when the proportion of vehicles with studded tyres was
50% or higher.When the corresponding proportion was 25% or
0% the friction was substantially lower, especially during later
phases of the test. The friction difference between the outermost
test lanes was evident quite early, after 200–300 runs.
The disaggregated results for the test lanes in section A are
given in Table 2. As expected, the detailed results include
more variance than the summary results in Fig. 6. However,
the same pattern as in Figs. 6 and 7 is evident by observing the
highlighted cells indicating drops in friction of more than 10%
and 20%. In addition, the highest friction at the end of test is
always found for the lane involving 50–100% of vehicles with
studded tyres, and the lowest for the lane with 0–25% of
vehicles with studded tyres.
There are some differences in the results by subsection.
Specifically, at the end of the test, the largest (24–31%) mean
friction reductions compared to the lane with 100% of vehi-
cles with studded tyres were found for sections with constant
speed and braking, whereas the friction dropped less (13–
19%) in the acceleration section. However, the largest reduc-
tions in each section were for the lane with 100% of vehicles
with unstudded tyres regardless of tyre type of the measure-
ment vehicle.
Because the section with compact snow wore inconsistent-
ly, the results include more variance than those for the icy
surface, but we consider them to correspond relatively well
with the latter. Specifically, compared to the lane with 100%
of vehicles with studded tyres at the end of the test, the largest
mean friction reduction was 22–23% on snow-covered sur-
faces and 20–31% on ice-covered surfaces.
Figures 8 and 9 show the overall friction results in section B
measured for vehicles with studded and unstudded tyres, re-
spectively. The friction differed substantially between the lanes
having 100% or 0% of vehicles with studded tyres and driving
at constant speed. The difference emerged after 300 runs and
remained fairly constant to the end of the test (1550 runs).
The friction in the test lanes in section B increased at the
start of the test but then fell continuously until the end of the
test. This is consistent with the results for the test lanes in
section A. However, the friction in the reference lane in
Fig. 8 Friction coefficient in section B measured by the vehicle with
studded tyres, by number of runs
Fig. 9 Friction coefficient in section B measured by the vehicle with
unstudded tyres, by number of runs
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section B was quite constant throughout the test, whereas that
in the reference lane in section A decreased somewhat.
3.3 Effects of Tyre type on depth of ruts
Table 3 shows the effects of tyre type on rut depth in section A.
There was substantial variance among individual findings, and
several values are missing because the road surface wore quick-
ly, most often in the section with compact snow. However, the
following overall findings are evident: On icy surfaces, the
more vehicles there were with studded tyres, the deeper the
mean depth of ruts was at the end of the test. Conversely, there
was virtually no increase in depth in the reference lane or in the
lane involving no vehicles with studded tyres.
4 Discussion
The aim of this study was to compare to what degree various
proportions of studded and unstudded winter tyres affect the
roughness and polishing of road surfaces covered with ice and
compact snow. The test was conducted on a track including
two straight sections. The main section had five test lanes,
each with a different proportion of cars with studded tyres:
100%, 75%, 50%, 25% and 0% of the respective lane traffic.
Each test lane included sections of ice and compact snowwith
subsections for constant speed, braking and acceleration.
Another section had two lanes for driving at constant speed:
one for cars with studded tyres and one for cars with
unstudded tyres. The lane in this section was covered with
compact snow. The total number of runs per test lane was
642 in the main section and 1605 in the second section.
Themain results show that the effect on friction of reducing
the number of vehicles with studded tyres was relatively low
when the proportion of vehicles with studded tyres was 50%
or more. When the corresponding proportion was 25% or 0%,
the friction was substantially lower, especially at the end of the
test. The friction difference between the outermost test lanes
was evident already after 200–300 runs.
Compared to the results of Tuononen and Sainio [14], our
results suggest a somewhat higher proportion of studded tyres
for adequate friction on wintry road surfaces, although the
range suggested by Tuononen and Sainio includes 50% of
vehicles with studded tyres. It is assumed that differences in
test conditions (e.g. temperature) and a higher usage of test
lanes in our test might be responsible for this discrepancy. Vaa
and Giaever [15] did not provide any specific conclusion in
terms of needed proportion of studded tyres.
The results by subsection show that at the end of test, the
greatest reductions (24–31%) inmean friction compared to the
Table 3 Mean depth of ruts (cm) in section A by road surface, subsection and lane. The results are given for the beginning, middle and end of the test.
The missing values (−) are for measurements outside the range of the profile gauge
Subsection Phase of test Proportion of vehicles with studded tyres Reference lane
100% 75% 50% 25% 0%
Icy road surface
Constant speed Beginning 0.1 0.1 0.2 0.2 0.3 0.4
Middle 0.3 0.4 0.3 0.3 0.2 0.2
End 0.4 1.0 0.3 0.4 0.1 0.2
Braking Beginning 0.1 0.3 0.2 0.1 0.0 0.0
Middle 1.5 0.3 0.3 0.1 0.1 0.2
End 1.3 0.8 0.5 0.2 0.4 0.1
Acceleration Beginning 0.1 0.4 0.1 0.1 0.1 0.2
Middle 0.8 0.2 0.1 0.1 0.2 -0.1
End - 0.6 0.5 0.3 0.3 0.3
Snowy road surface
Constant speed Beginning 0.2 0.0 0.2 0.2 0.3 0.2
Middle 1.2 0.9 0.7 0.8 - 0.1
End - - - - - 0.2
Braking Beginning 0.1 0.2 0.1 -0.3 0.2 0.0
Middle - - - 1.9 - 0.2
End - - - - 0.1
Acceleration Beginning 0.2 0.2 0.4 0.1 0.2 0.4
Middle 1.9 - 0.7 - 0.2
End - - - - - 0.1
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lane with 100% of vehicles with studded tyres were found for
sections of constant speed and braking, whereas the friction
dropped less (13–19%) in the acceleration section. All of the
greatest reductions were for the lane with 100% of vehicles
with unstudded tyres. This trend was evident for both tyre
types of the measurement vehicle.
Because the section with compact snow wore inconsistent-
ly, the results include more variance than those for the icy
surface, but we consider that the results for the compact snow
surface correspond relatively well to those obtained for icy
surfaces.
The effects of tyre type on rut depth show that the depth
increased much faster on compact snow than on ice during the
test. In fact, the snowy surface wore so quickly and inconsis-
tently that we were unable to accurately measure the increase
in ruts. However, on icy surfaces, the more vehicles there were
with studded tyres, the deeper the mean depth of ruts was at
the end of the test.
Our main conclusion is that in the reported test con-
ditions, traffic with 50% of cars having studded tyres
results in adequate friction of icy road surfaces. With
lower proportions of studded tyres, the friction is sub-
stantially lower. If authorities aim to discourage the use
of studded tyres by introducing a tax for their use, as in
major cities in Norway [6] for example, the proportion
of studded tyres could be influenced by the size of the
tax.
However, any single study is unlikely to provide a full
picture of the needed proportion of studded tyres for
sufficient friction, given that road conditions keep chang-
ing and there are other factors affecting friction as well.
For example, winter maintenance aims to keep friction at
an acceptable level and there are heavy vehicles in real
traffic that may wear snow or ice more quickly than cars
but may also polish icy road surfaces. Consequently, the
main contribution of these results is to provide one piece
of evidence for decision making, if the societal goal is to
reduce the adverse effects of studded tyres without ham-
pering road safety.
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